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Abstract
The possible existence of Majorana neutrinos can be tested through the study of processes where
the total lepton number L is violated by two units (∆L = 2). In this work, the production of an
on-shell Majorana neutrino with a mass around ∼ 0.2 GeV to a few GeV is studied in ∆L = 2
decays of the Bc meson. We focus on the same-sign di-muon channels: three-body B
−
c → pi+µ−µ−
and four-body B−c → J/ψpi+µ−µ− and their experimental sensitivity at the LHCb. In both
channels, we find that sensitivities on the branching fraction of the order . 10−7 (10−8) might be
accessible at the LHC run 2 (future LHC run 3), allowing us to set additional and complementary
constraints on the parameter space associated with the mass and mixings of the Majorana neutrino.
In particular, bounds can be obtained on the mixing |VµN |2 ∼ O(10−5 − 10−4) that are similar
or better than the ones obtained from heavy meson ∆L = 2 decays: D−(s) → pi+µ−µ− and B− →
pi+µ−µ− (D0pi+µ−µ−).
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I. INTRODUCTION
Nowadays, the conclusive fact that neutrinos are massive particles (nonzero but very tiny
masses . 1 eV) has been established by the accumulated evidence from neutrino oscillation
experiments [1]. This provides one of the strongest motivations for considering new physics
scenarios beyond the Standard Model (SM) in order to get an explanation of the neutrino
mass generation [2]. In addition, and closely linked to the previous fact, elucidating the
nature of the neutrinos (Dirac or Majorana particles) is still an open issue in current particle
physics [2].
It is known that if neutrinos turn out to be of Majorana nature, their effects should
manifiest through the observation of decay and production phenomena where the total lepton
number L is violated by two units (∆L = 2). A clear signal of such a ∆L = 2 processes
implies the production of same-sign dileptons in the final state. The most appealing of these
lepton-number-violating (LNV) signatures is the neutrinoless double-beta (0νββ) nuclear
decay, which has been regarded as the most sensitive way to looking for [3, 5]. Observation
of this nuclear decay would establish the existence of LNV processes, thus implying that
neutrinos are Majorana particles [3–5]. So far, the 0νββ decay seems to be a rather elusive
process and has not yet been observed experimentally; there are only limits that have been
obtained on their decay rates, allowing us to set bounds on the effective Majorana mass at
the sub-eV level (∼ 10−1 eV) [3, 5].
Different ∆L = 2 processes at low and high energies have been proposed in the literature
as alternative evidence to prove the Majorana nature of neutrinos (for a detailed list, see [6]).
Among all these possibilities, an interesting source of LNV processes is given by the exchange
of a single Majorana neutrino (N) with a intermediate mass of the order of the heavy-flavors
mass scale. This heavy neutrino can be produced on their mass-shell and the decay rates
receive an enhancement due to the resonant effect [6]. The effects of such a sterile heavy
neutrino with masses around 100 MeV to a few GeV have been widely studied in ∆L = 2
three-body decays: (K−, D−(s), B
−, B−c ) → M+`−`′− [6–15] and τ− → `+h−h′− [6, 11, 16],
with `(′) = e, µ and M,h(′) final state mesons.1 Moreover, ∆L = 2 four-body decays of
B and D mesons: B¯0 → D+pi+`−`−, D¯0 → (pi+pi+, K+pi+)µ−µ−, and B− → D0pi+µ−µ−
[18, 20, 23] (see also [21, 22]), and τ lepton: τ− → pi+ντ`−`− [19, 23, 24] have been also
studied as additional and complementary processes. Experimental efforts on searches of
these ∆L = 2 decays have been reported by the Particle Data Group (PDG) and several
experiments such BABAR, Belle, LHCb, and E791, but no evidence has been seen so far.
Figure 1 summarizes the current upper limits on branching ratios of ∆L = 2 three- (top) and
four-body (bottom) decays, respectively [1, 25–32]. The non-observation of these ∆L = 2
decays can be turned out into significant constraints on the parameters (mixings and masses)
of a heavy Majorana neutrino [6, 11, 19, 20].
A well-motivated and realistic scenario of heavy neutrinos with masses in the interval ex-
plored by those ∆L = 2 decays is motivated by the neutrino minimal SM (νMSM) [33, 34].
The Majorana mass spectrum of the νMSM contains two almost degenerate Majorana neu-
1 The possibility of CP violation detection in ∆L = 2 decays of charged mesons has been recently explored
in [17].
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FIG. 1. Current experimental upper limits (UL) on branching ratios of three- (top) and four-
body (bottom) ∆L = 2 decays [19]. Taken from PDG [1] and BABAR [25, 26], LHCb [27–
29], Belle [30, 31] and E791 [32] Collaborations. For simplicity we have not included the UL on
B− → V +`−`′−, with V = ρ,K∗, D∗, which are typically of the order . 10−7 [26]
trinos ∼ O(1) GeV and another lighter ∼ O(10) keV, providing simultaneously an expla-
nation of the generation of neutrino masses, dark matter, and the baryon asymmetry of
the Universe (via leptogenesis) [33–35]. Thus, it is important studying the possible phe-
nomenological implications of such a spectrum, especially the presence of a sterile neutrino
with a mass O(1) GeV that can be produced and studied in different high-intensity frontier
experiments [35–38], rendering it to a falsifiable scenario.
In the present work, we extend the study of low-energy LNV processes exploring the
∆L = 2 decays of the Bc meson, namely, three-body B
−
c → pi+µ−µ− [Fig. 2(a)] and
four-body B−c → J/ψpi+µ−µ− [Fig. 2(b)] decays, within the scenario provided by the
production of an on-shell Majorana neutrino [6, 11]. The recent LHCb limits on the similar
topology modes, B− → pi+µ−µ− [29] and B− → D0pi+µ−µ− [27], show the feasibility of
exploring ∆L = 2 processes in B− meson decays. As the heaviest b-flavored meson, the B−c
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FIG. 2. ∆L = 2 decays of Bc meson mediated by a Majorana neutrino N : (a) three-body B
−
c →
pi+µ−µ− and (b) four-body B−c → J/ψpi+µ−µ− channels.
meson opens the opportunity to many possible final states that enable us to explore signs
of new physics. The search for same-sign di-leptonic signatures at B−c meson decays can
also be explore at LHCb, particularly in the same-sign di-muon (µ−µ−) channel, due to the
relatively high muon reconstruction system. In addition, an appealing characteristic is that
annihilation [Fig. 2(a)] and spectator [Fig. 2(b)] diagrams are not very much suppressed by
CKM factors. As we will show, this fact enables us to get stronger bounds on the parameter
space associated with the mass and mixings of the heavy Majorana neutrino, as pointed out
in [19].
In the following, in Sec. II we study the ∆L = 2 decays of the Bc meson: B
−
c → pi+µ−µ−
and B−c → J/ψpi+µ−µ−. The experimental sensitivity at the LCHb and constraints on
the (mN , |VµN |2) plane are also studied. The comparison with different search strategies is
briefly discussed in Sec. III. Our conclusions are presented in Sec. IV.
II. ∆L = 2 DECAYS OF Bc MESON
The ∆L = 2 decays of the Bc meson can occur via the exchange of a Majorana neutrino
with a kinematically allowed mass. Although different same-sign di-leptons (`−`′− with
`(′) = e, µ, τ) are allowed, in this work we focus on the µ−µ− channels in the three-body
B−c → pi+µ−µ− and four-body B−c → J/ψpi+µ−µ− decays as shown in Figs. 2(a) and 2(b),
respectively. As in previous studies [6, 11–14], we assume that only one heavy neutrino N ,
with a mass such that it can be produced resonantly (on-shell) in Bc decays, dominates the
decay amplitude. Although the channel B−c → pi+µ−µ− has been previously considered in
Refs. [12, 14], we provide a reanalysis of this and its experimental signal at the LHCb, as
well as an analysis of the channel B−c → J/ψpi+µ−µ−.
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A. B−c → pi+µ−µ−
Let us now explore the ∆L = 2 four-body channel B−c → J/ψpi+µ−µ−. The diagram that
contributes to this process is shown in Fig. 2(b), which receives the effect of a kinematically
accessible Majorana neutrino with a mass in the range 0.25 GeV ≤ mN ≤ 3.18 GeV.
The B−c → pi+µ−µ− channel is induced by diagram 2(a), and it can be enhanced for
Majorana neutrino masses in the range 0.25 GeV ≤ mN ≤ 6.16 GeV. In this mass range,
the total decay width of the intermediate Majorana neutrino N (ΓN) is much smaller than
its mass, ΓN  mN [6], so the narrow width approximation (NWA) is valid. This allows us
to consider the Majorana neutrino as a particle that is produced on its mass shell through
the leptonic decay B−c → µ−N , followed by the subsequent decay N → µ−pi+.
The decay rate of the process B−c → pi+µ−µ− is then split into two subprocesses
Γ(B−c → pi+µ−µ−) = Γ(B−c → µ−N)× Γ(N → pi+µ−)/ΓN , (1)
with the decay widths of B−c → µ−N and N → pi+µ− given by the expressions [6]
Γ(B−c → µ−N) =
G2F
8pi
|V CKMcb |2|VµN |2f 2Bc mBcm2N
(
1− m
2
N
m2Bc
)2
, (2)
Γ(N → µ−pi+) = G
2
F
16pi
|V CKMud |2|VµN |2f 2pi m3N
(
1− m
2
pi
m2N
)2
, (3)
respectively, where |V CKMcb | = 41.1×10−3 and |V CKMud | = 0.97425 are the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix elements [1], GF is the Fermi constant, and fpi =
130.2(1.4) MeV [40] and fBc = 434(15) MeV [41] are the decay constants of the mesons
involved. For simplicity in (2) and (3), the muon mass has been neglected. The coupling
of the heavy neutrino N to the charged current of lepton flavor µ is characterized by the
quantity VµN [6].
The full decay width of the Majorana neutrino ΓN is obtained by adding up the con-
tributions of all the neutrino decay channels that can be opened at the mass mN [6]. The
dominant decay modes of the neutrino in the range of masses relevant for the ∆L = 2 chan-
nel under consideration are the following: semileptonic two-body and leptonic three-body
decays [6].
B. B−c → J/ψpi+µ−µ−
Let us now explore the ∆L = 2 four-body channel B−c → J/ψpi+µ−µ−. The diagram that
contributes to this process is shown in Fig. 2(b), which receives the effect of a kinematically
accessible Majorana neutrino with a mass in the range 0.25 GeV ≤ mN ≤ 3.18 GeV. This
sort of four-body channels was considered the first time in B and D decays [18–20] (see also
[21, 22]), but has thus far have not been considered in the literature on Bc decays. The
dynamics associated with this type of four-body decays is completely different from that
considered in Sec. II A (and any ∆L = 2 three-body decays). Thus, it offers an additional
LNV signal to search for and test the heavy neutrino sector.
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By the same NWA arguments previously considered in Sec. II A, we consider the Majo-
rana neutrino as an intermediate particle that is produced on it mass shell in the semilep-
tonic decay B−c → J/ψµ−N , followed by the subsequent decay N → µ−pi+. In the on-shell
factorization, the channel B−c → J/ψpi+µ−µ− is written as
Γ(B−c → J/ψpi+µ−µ−) = Γ(B−c → J/ψµ−N)× Γ(N → µ−pi+)/ΓN , (4)
where the decay width of the subprocess N → pi+µ− is given by Eq. (3). In the charged
lepton massless limit, the decay width of B−c → J/ψµ−N is given by the expression (see
Appendix A for details)
Γ(B−c → J/ψµ−N) =
G2F
32(2pi)3m3Bc
|V CKMcb |2|VµN |2
∫ (mBc−mJ/ψ)2
m2N
dt A(t), (5)
where A(t) is a function of the squared transfer momentum t = (pBc−pJ/ψ)2 [see Eq. (A6)].
In the heavy quark spin symmetry the hadronic transition Bc → J/ψ can be parametrized in
terms of a single form factor ∆Bc→J/ψ [42, 43]. Based on the framework of a QCD relativistic
potential model [43], the form factor can be represented by the three-parameter formula
∆Bc→J/ψ(y) = ∆(0)[1− ρ2(y − 1) + c(y − 1)2], (6)
in terms of the value at zero recoil ∆(0) = 0.94, the slope ρ2 = 2.9 and the curvature c = 3
[43]. The variable y is related to t by the relation y = (m2Bc +m
2
J/ψ − t)/2mBcmJ/ψ [43]2.
C. Experimental sensitivity at the LCHb and constraints on (mN , |VµN |2) plane
The number of expected events in the LHCb experiment in terms of the integrated lumi-
nosity has the form
Nexp = σ(Bc)B(Bc → ∆L = 2)DLint, (7)
where σ(Bc) is the production cross-section of Bc mesons inside the LHC geometrical ac-
ceptance, B(Bc → ∆L = 2) corresponds to the estimated branching fraction of the ∆L = 2
process in consideration, D is the detection efficiency of the LHCb detector involving re-
construction, selection, trigger and particle misidentification efficiencies, and Lint is the
integrated luminosity.
The cross section σ(Bc) has never been measured. With respect to the cross section of
other b mesons, the production of Bc mesons is suppressed by a hard production of the
additional c-quark and for the small probability of the b¯c bound state formation. Ref. [44]
states that given above constrains, a good approach is to consider σ(Bc)/σ(Bu+Bd+Bs) ∼
10−3. The LHCb experiment has measured σ(Bu,d) and σ(Bs), at a center of mass energy
of 7 TeV and inside the LHCb geometrical acceptance, to be σ(Bu,d,s, 7 TeV) = 87.5 ± 6.7
µb, where the error is given by statistical and systematic uncertainties [45]. Assuming that
2 In ensuing numerical evaluation we will use the theoretical predictions provided by this model because
its results are in good agreement with recent measurements of the hadronic modes B+c → J/ψK+ and
B+c → J/ψD(∗)+s reported by the LHCb Collaboration [48].
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the b-quark cross sections scale with energy in the same way as the c-charm cross sections
and based on the LHCb measurements of the prompt charm cross sections at 7 and 13
TeV [46] and assuming a linear scaling of the production cross section with the center of
mass energy, we can roughly estimate within the LHCb acceptance σ(Bc, 7 TeV) ∼ 80 nb,
σ(Bc, 8 TeV) ∼ 90 nb and σ(Bc, 14 TeV) ∼ 160 nb, where a conservative approach for the
uncertainty on this quantity is a relative 25%.
The LHCb experiment performance during LHC run 1 can be found at [47]. During run
1, the LHCb detector collected at
√
s = 7 TeV an integrated luminosity of 1 fb−1 and 2 fb−1
at
√
s = 8 TeV. The plan for LHC run 2 is to collect additional 5 fb−1 at the LHC nominal
construction energy of center of mass of 14 TeV. Already some work have been developed
for future LHCb upgrade, LHC run 3, where integrated luminosities of the order of 40 fb−1
are expected.
Precise computation of the detection efficiency requires fully simulated decay specific
Monte Carlo samples, reconstructed in the same manner as real data and with a simulation of
the full detector. However a rough estimation can be done with detection efficiencies already
reported by LHCb experiment in the study of some Bc decays. The efficiency will depend
on the topological and kinematical signatures of the decay. In Ref. [49], the study of the
B+c → J/ψpi+ is performed, finding a total signal efficiency of 6% using a multivariate tight
selection. In the LNV mode B−c → pi+µ−µ−, we have same final states particle and, thus, it is
natural to assume the same reconstruction efficiency, while in B−c → J/ψ(→ µ+µ−)pi+µ−µ−
it shares part of the mentioned decay with two additional muon tracks. The addition of
more tracks reduces the detection efficiency; thus, 6% represents an upper limit for our case.
Muon tracks traverse the full LHCb detector and are reconstructed using information of all
the subdetectors, keeping a relatively high reconstruction efficiency of about 90% for single
tracks; therefore, assuming D = 5% for the second decay mode is a conservative value for
detector and reconstruction conditions for LHCb during LHC run 1. In the less optimistic
case, this efficiency will not grow for LHC run 2 and upgrade periods. This will not be the
case given the great effort of the LHCb Collaboration to improve the detector itself and
the reconstruction algorithms, but we will keep this value for further computations, with a
relative 25% uncertainty.
We assume a value of detection efficiency of D = 5.5% for both B
−
c → pi+µ−µ− and
B−c → J/ψpi+µ−µ−, and taking the above assumptions on cross section, Fig. 3 shows the
number of expected events to be observed at the LHCb experiment as a function of the
branching fraction, to different integrated luminosity collected by LHCb. The figure shows
that, at the end of LHC run 1, only a couple of events could have been detected, at the end
of LHC run 2, only 5 events in the best scenario, and at the end of LHC run 3, the LHCb
experiment could detect up to 35 signal events of the given ∆L = 2 process. For the LHC
run 2 and LHC run 3, this can be translated into expected sensitivities on the branching
fraction of the order . 10−7 and . 10−8, respectively. In the following, we will take those
values of branching fractions as the most conservative ones.
In order to illustrate the constraints that can be achieved from the experimental searches
on B−c → pi+µ−µ−, in Fig. 4 the black (blue) area represents the excluded regions on |VµN |2
as a function of mN obtained by taking branching fraction of the order B(B−c → pi+µ−µ−) .
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10−7 (10−8) at the LHCb for LHC run 2 (LHC run 3). For comparison, we also display the
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FIG. 3. Number of expected events of the ∆L = 2 process B−c → pi+µ−µ− and B−c → J/ψpi+µ−µ−
to be observed in the LHCb experiment as a function of the branching ratio, for the different
integrated luminosity collected: Blue LHC run 1 (3 fb−1), red LHC run 2 (5 fb−1), and purple
LHC run 3 (40 fb−1). Filled area shows the uncertainty in the computation.
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FIG. 4. Exclusion regions on (mN , |VµN |2) plane, from LNV di-muon modes. The black (blue)
region represents the constraint obtained from the search onB−c → pi+µ−µ− at LHCb for LHC run 2
(LHC run 3). Updated constraints provided by (K−, D−(s), B
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FIG. 5. Same description as in Fig. 4, but the black (blue) region represents the constraint obtained
from the search on B−c → J/ψpi+µ−µ− at LHCb for LHC run 2 (LHC run 3).
updated exclusion limits obtained from searches on ∆L = 2 channels (K−, D−(s), B
−) →
pi+µ−µ− [1, 28, 29]3 and B− → D0pi+µ−µ− [20, 27]. For neutrino mass values below 2 GeV,
we can see that the most restrictive constraint is given by K− → pi+µ−µ− which can reach
|VµN |2 ∼ O(10−8) but only for a very narrow range [0.25, 0.38] GeV of Majorana neutrino
masses. Followed in sensitivity by D−s → pi+µ−µ− and D− → pi+µ−µ−, |VµN |2 ∼ O(10−6 −
10−5), covering a wider window mass [0.24,1.86] GeV and [0.24,1.76] GeV, respectively.
In the region where these overlap, both LHC run 2 and LHC run 3, the Cabibbo-allowed
channel B−c → pi+µ−µ− could almost exclude the whole region covered by B− → D0pi+µ−µ−
(long-dashed line) and B− → pi+µ−µ− (short-dashed line), despite the fact that the upper
limit on the latter Cabibbo-suppressed channel is of order 10−9 [29]. On the other hand, for
mN & 2 GeV, the channel B−c → pi+µ−µ− would reach a mass region up to ∼ 6 GeV not
yet covered for any other LNV search.
For the case B−c → J/ψpi+µ−µ−, with an expected sensitivity at the LCHb of B(B−c →
J/ψpi+µ−µ−) . 10−7 (10−8) for LHC run 2 (LHC run 3), in Fig. 4 we show the exclusion
curves on (mN , |VµN |2) represented by the black (blue) region. Similar remarks as the ones
previously discussed (see Fig. 4) can be med for neutrino mass values below ∼ 2 GeV. In
this case, in the region where these overlap, the Cabibbo-allowed four-body channel under
consideration is able to exclude a larger region of |VµN |2 than the channel B− → D0pi+µ−µ−
(long-dashed line) and Cabibbo-suppressed channel B− → pi+µ−µ− (short-dashed line).
Again, this is despite the fact that the upper limit on the latter is of order 10−9 [29]. At the
end of the LHC run 3 the search on B−c → J/ψpi+µ−µ− would almost exclude all the region
covered by D−(s) → pi+µ−µ−.
3 It is worth noticing that we have not included the limit obtained by LHCb because it is overestimated
and does not give the expected behavior as demanded by CKM factors and neutrino mass [29].
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We end this section by mentioning that, to this point, the intermediate heavy Majorana
neutrino has been treated as a real particle which propagates before decaying. Most of the
the on-shell neutrinos produced in the decays B−c → µ−N and B−c → J/ψµ−N , are expected
to live a long enough time to travel through the detector and decay (N → pi+µ−) far from the
interaction region. This effect is given by the acceptance factor (PN), which represents the
probability for the on-shell neutrino N decay products to be inside the detector acceptance
[6, 11, 50]. The reconstruction efficiency D will depend on this acceptance factor as well,
suppressing the number of detected decays. A precise estimation will require knowledge of
the production and decay vertex, which can be adequately included by LHCb during the
data analysis.
III. COMPARISON WITH OTHER EXPERIMENTAL SEARCHES
It is important to comment that for the range of sterile neutrino masses relevant to this
work, 0.2 GeV . mN . 6 GeV, different search strategies have been used to get constraints
on the mixing element |VµN | (for a recent review on theoretical and experimental status
see [6, 36–39] and references therein). The lack of experimental evidence of searches of
peaks in the muon spectrum of leptonic K± decays (PS191, E949) and searches through
specific visible channels of heavy neutrino decays produced in beam dump experiments (NA3,
CHARM, BEBC, FMMF, NuTeV) allows us to put constraints on |VµN |2 ∼ O(10−8− 10−6)
for masses of the sterile neutrino ranging from 0.2 to 2 GeV [6, 36–39]. Moreover, in the mass
range [0.5,5] GeV searches of heavy neutrinos have been performed by Belle Collaboration
(data sample of 772 million BB¯ pairs) using the inclusive decay mode B → X`N followed
by N → `pi (with ` = e, µ), reaching a sensitivity of |VµN |2 ∼ O(10−5) [51]4. In comparison,
the current constraints obtained from direct searches of LNV (∆L = 2) decays, including
the ones considered in this work, are certainly less restrictive except for the K− → pi+µ−µ−
channel (see Figs. 4 and 5).
In the mass region 2 GeV < mN < 5 GeV, the search of B
−
c → pi+µ−µ− would exclude
similar regions as the ones obtained from DELPHI using the possible production of heavy
neutrinos in the Z-boson decay Z → νN (|VµN |2 ≤ 10−4) [53] and Belle bounds [51]. For
masses mN < mW , the possibility of a heavy neutrino produced in W and Higgs boson
decays has been studied as well [55–59].
IV. CONCLUSIONS
A Majorana neutrino with a mass around ∼ 0.2 GeV to a few GeV can be produced
on its mass shell at high-intensity frontier experiments and its effect is manifested through
lepton-number-violating (LNV) processes, where the total lepton number L is violated by
two units (∆L = 2). Within this Majorana neutrino scenario, in the present work we have
extended the previous studies of low-energy LNV processes exploring the ∆L = 2 decays
4 In addition, it is expected that the recently proposed high-intensity beam dump experiment SHiP [52],
can significantly improve those bounds through search of such a heavy neutrinos in the leptonic and
semihadronic decays of Ds mesons [38, 54].
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of Bc meson: three-body B
−
c → pi+µ−µ− and four-body B−c → J/ψpi+µ−µ−, which are not
very much suppressed by CKM factors. Due to the relatively high muon reconstruction
system, we have paid attention on these same-sign di-muon channels and explored their ex-
perimental sensitivity at the LHCb. As conservative values, in both channels we have found
that for a integrated luminosity collected of 5 fb−1 (LHC run 2) and 40 fb−1 (LHC run 3),
one would expect sensitivities on the branching fraction of the order . 10−7 and . 10−8,
respectively. With such sensitivities, in the best case, we can get additional and complemen-
tary constraints on the mixing parameter |VµN |2 ∼ O(10−5 − 10−4) for neutrino masses in
the range 0.2 . mN . 6 GeV. These bounds are similar to or better than the ones obtained
from heavy meson ∆L = 2 decays: D−(s) → pi+µ−µ− and B− → pi+µ−µ− (D0pi+µ−µ−).
Note added.– After the completion of the present work and while we were preparing the
draft, we became aware of version 2 of [60], where the ∆L = 2 decays of the Bc meson under
consideration in this paper are also studied. In [60] different same-sign di-lepton channels
B−c → B¯0spi+`−`′−, B−c → J/ψpi+`−`′−, and B−c → pi+`−`′− have been considered, with
`(′) = e, µ, τ . The first channel, although CKM favoured, is also phase-space suppressed,
allowing us to explore a narrow range of neutrino masses [0.1, 0.9] GeV. We have only
focused on the second and third µ−µ− channels, and aside from the different approach used
to describe the form factors associated with the Bc → J/ψ transition (the authors of [60]
used QCD sum rules to estimate those form factors), in general, our conclusions are in
agreement with theirs [60]. A more elaborate analysis of the experimental sensitivity at
the LHCb of these ∆L = 2 modes is provided in the present study. Moreover, a more
detailed comparison with the exclusion limits obtained from searches on ∆L = 2 channels
(K−, D−(s), B
−)→ pi+µ−µ− and B− → D0pi+µ−µ− is provided in our study.
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Appendix A: Semileptonic decay B−c → J/ψµ−N
The decay amplitude of the semileptonic subprocess B−c (pBc)→ J/ψ(pJ/ψ)µ−(pµ)N(pN)
is given by the expression
M(B−c → J/ψµ−N) =
GF√
2
V CKMcb VµN〈J/ψ|b¯γαγ5c|Bc〉 [u¯(pµ)γα(1− γ5)v(pN)], (A1)
where GF is the Fermi constant, V
CKM
cb is the CKM matrix element, and VµN denotes the
mixing element of a muon with the heavy neutrino (sterile) N in the charged current inter-
action [6]. In the heavy quark spin symmetry the hadronic current can be parametrized as
[42, 43]
〈J/ψ|b¯γαγ5c|Bc〉 =
√
4mBcmJ/ψ ∆
Bc→J/ψα∗, (A2)
11
relating to a single form factor ∆Bc→J/ψ, with α the J/ψ polarization vector. Based on the
framework of a QCD relativistic potential model [43], the form factor can be represented by
the three-parameter formula Eq. (6).
The decay width is parametrized in terms of the three-body phase space [1],
Γ(B−c → J/ψµ−N) =
1
32(2pi)3m3Bc
∫ t+
t−
dt
∫ s+
s−
ds |M|2, (A3)
where |M|2 is the spin-averaged squared amplitude and s = (pJ/ψ+pN)2 and t = (pBc−pJ/ψ)2
are kinematical variables. In the charged lepton massless limit, the integration limits are
given by t− = m2N , t
+ = (mBc −mJ/ψ)2 and
s±(t) =m2Bc +m
2
N −
1
2t
[
(t+m2Bc −m2J/ψ)(t+m2N)
∓ λ1/2t (m2N − t)
]
, (A4)
where λt ≡ λ(t,m2Bc ,m2J/ψ), with λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz the usual
kinematic Ka¨llen function. After integration over kinematical variable s, the decay width
can be written as
Γ(B−c → J/ψµ−N) =
G2F
32(2pi)3m3Bc
|V CKMcb |2|VµN |2
∫ (mBc−mJ/ψ)2
m2N
dt A(t), (A5)
with
A(t) = 8mBc
3mJ/ψt3
(∆Bc→J/ψ)2(m2N − t)2λ1/2t
×[λt(2m2N + t) + 6m2J/ψt(m2N + 2t)], (A6)
being a function of the squared transfer momentum t.
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